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ABSTRACT
Complexes of cationic liposomes with DNA are
promising tools to deliver genetic information into
cells for gene therapy and vaccines. Electrostatic
interaction is thought to be the major force in
lipid–DNA interaction, while lipid-base binding
and the stability of cationic lipid–DNA complexes
have been the subject of more debate in recent
years. The aim of this study was to examine the
complexation of calf-thymus DNA with cholesterol
(Chol), 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP), dioctadecyldimethylammoniumbromide
(DDAB) and dioleoylphosphatidylethanolamine
(DOPE), at physiological condition, using constant
DNA concentration and various lipid contents.
Fourier transform infrared (FTIR), UV-visible, circular
dichroism spectroscopic methods and atomic force
microscopy were used to analyse lipid-binding site,
the binding constant and the effects of lipid interac-
tion on DNA stability and conformation. Structural
analysis showed a strong lipid–DNA interaction via
major and minor grooves and the backbone phos-
phate group with overall binding constants of
KChol=1.4 (±0.5)310
4M
 1, KDDAB=2.4 (±0.80)3
10
4M
 1, KDOTAP=3.1 (±0.90) 3 10
4M
 1 and KDOPE=
1.45 (± 0.60)310
4M
 1. The order of stability of lipid–
DNA complexation is DOTAP>DDAB>DOPE>Chol.
Hydrophobic interactions between lipid aliphatic
tails and DNA were observed. Chol and DOPE
induced a partial B to A-DNA conformational transi-
tion, while a partial B to C-DNA alteration occurred
for DDAB and DOTAP at high lipid concentrations.
DNA aggregation was observed at high lipid
content.
INTRODUCTION
Gene therapy using viral or synthetic vectors is currently
one of the most promising strategies for developing cures
for many diseases (1). Cationic lipid–DNA complexes
have emerged as one of the major non-viral DNA delivery
tools (2–5) and have been used to transfect various cell
types and deliver cancer vaccines (8–10). The application
of improved liposome formulations for delivery in vivo is
valuable for gene therapy and would avoid several prob-
lems associated with viral delivery. Delivery of nucleic
acids using liposomes is promising as a safe and non-
immunogenic approach to gene therapy (1). It is well
known that complexes of cationic lipids and plasmid
DNA can deliver genes to cells both in vitro and in vivo
(1,2). Despite the success of this approach, which has
reached the stage of extensive human clinical trials, the
relationship between the structure of such complexes
and their ability to produce appropriate gene expression
remains relatively undeﬁned. In fact, the structure of the
DNA itself within cationic lipid–DNA is still a matter of
controversy (3). Cationic lipid–DNA interaction has been
studied by various analytical methods using diﬀerent
DNAs and lipids. Potentiometric titration (4), isothermal
titration calorimetry (5,6), IR (7,8), circular dichroism
(CD) (9,10) ﬂuorescence (11) and UV-visible spectroscopic
methods (12) were used for structural characterization of
lipid–DNA complexes. Similarly, theoretical calculations
(13), modelling of electrostatic, hydrophobic and hydra-
tion forces were applied (14) to analyse the nature of the
lipid–DNA interaction. Even though these studies focus
on DNA–lipid interaction and structural changes upon
cationic lipid complexation (3), the binding site, the sta-
bility and conformation of DNA in lipid–DNA complexes
need further characterization. What separates our present
study from those investigations is determination of the
cationic liposome-binding sites, binding constants, hydro-
philic and hydrophobic interactions as well as the eﬀects
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In this article, we report the interaction of calf-
thymus DNA with cholesterol (Chol), dioleoylphosphati-
dylethanolamine (DOPE) (helper) and cationic lipid
dioctadecyldimethylammoniumbromide (DDAB) and
1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)
(Scheme 1) in aqueous solution at physiological conditions
using diﬀerent lipid/DNA molar ratios and constant DNA
concentration. Fourier transform infrared (FTIR), CD,
UV-visible spectroscopic methods and atomic force
microscopy (AFM) were used to measure the lipid-binding
site, the overall binding constant and the DNA secondary
structure in the lipid–DNA adducts. Our spectroscopic
results provide a major structural analysis of lipid–DNA
interaction, which helps elucidating the nature of this bio-
logically important complexation in vitro.
MATERIALS AND METHODS
Materials
Highly polymerised type I calf-thymus DNA sodium salt
(7% Na content) was purchased from Sigma Chemical
Co., and was deproteinated by the addition of CHCl3
and isoamyl alcohol in NaCl solution. In order to check
the protein content of DNA solution, the absorbance at
260 and 280nm was recorded. The A260/A280 ratio was
1.85, showing that the DNA was suﬃciently free from
protein. Chol, DOTAP, DDAB and DOPE were from
Avanti Polar Lipid Inc., and used as supplied. Other
chemicals were of reagent grade and used without further
puriﬁcation.
Preparation ofstock solution
Sodium–DNA was dissolved to 1%w/w (10mg/ml) in
10ml Tris–HCl (pH 7.3) at 58C for 24h with occasional
stirring to ensure the formation of a homogeneous solu-
tion. The ﬁnal concentration of the stock calf-thymus
DNA solution was determined spectrophotometrically at
260nm by using molar extinction coeﬃcient of
6600cm
 1M
 1 (expressed as molarity of phosphate
groups) (15,16). The UV absorbance at 260nm of a
diluted solution (40mM) of calf-thymus DNA used in
our experiments was measured to be 0.25 (path length
was 1cm) and the ﬁnal concentration of the stock DNA
solution was calculated to be 25mM in DNA phosphate.
The average length of the DNA molecules, estimated by
gel electrophoresis was 9000 base pairs (molecular weight
 6 10
6Da). The appropriate amount of lipid
(0.08–0.6mM) was prepared in ethanol/water solution
(50/50%). The lipid solution was then added dropwise to
DNA solution to attain desired lipid/DNA(phosphate)
molar ratios of 1/80, 1/40, 1/20, 1/10 and 1/4 with a
ﬁnal DNA concentration of 12.5mM (P) in ethanol/
water 25/75% for IR spectroscopic measurements. It is
worth noting that ethanol content 25% (ﬁnal) in the mix-
ture of lipid–DNA solution does not aﬀect the conforma-
tion of DNA. Ethanol induces DNA conformational
changes (B to A-form) only when the alcohol concentra-
tion exceeds 70% (17,18).
FTIR spectroscopy
IR spectra were recorded on a FTIR spectrometer (Impact
420 model), equipped with DTGS (deuterated triglycine
sulphate) detector and KBr beam splitter, using AgBr win-
dows. Spectra were collected after 2h incubation of lipid
with DNA solution and measured in triplicate.
Interferograms were accumulated over the spectral range
4000 to 400cm
 1 with a nominal resolution of 2cm
 1 and
a minimum of 100 scans. The water subtraction was car-
ried out with 0.1mM NaCl solution used as a reference at
pH 7.3 (19). A good water subtraction was achieved as
shown by a ﬂat baseline around 2200cm
 1 where the
water combination mode is located. This method is a
rough estimate, but removes the water content in a satis-
factory way. The diﬀerence spectra [(DNA solution +
lipid)   (DNA solution)] were obtained, using the sharp
DNA band at 968cm
 1 as internal reference. This band,
which is due to deoxyribose C–C stretching vibration,
exhibits no spectral changes (shifting or intensity varia-
tion) upon lipid–DNA complexation, and cancelled out
upon spectral subtraction. The spectra are smoothed
with Savitzky-Golay procedure (19).
The plots of the relative intensity (Ri) of several peaks of
DNA in-plane vibrations related to A–T, G–C base pairs
and the PO
 
2 stretching vibrations, such as 1717 (guanine),
1663 (thymine), 1609 (adenine), 1492 (cytosine), 1222
(PO
 
2 asymmetric) and 1088cm
 1 (PO
 
2 symmetric)
versus lipid concentrations were obtained after peak nor-
malization (against DNA band at 968cm
 1) using:
Ri ¼
Ii
I968
1
Scheme 1. Structures of lipids.
850 Nucleic Acids Research, 2009, Vol. 37,No. 3Where Ii is the intensity of absorption peak for pure DNA
and DNA in the complex with i concentration of lipid and
I968 is the intensity of the 968cm
 1 peak (internal refer-
ence) (20).
CD spectroscopy
Spectra of DNA and liposome–DNA adducts were
recorded at pH 7.3 with a Jasco J-720 spectropolarimeter.
For measurements in the Far-UV region (200–320nm), a
quartz cell with a path length of 0.01cm was used. Six
scans were accumulated at a scan speed of 50nm per
min, with data being collected at every nanometre from
200 to 320nm. Sample temperature was maintained at
258C using a Neslab RTE-111 circulating water bath con-
nected to the water-jacketed quartz cuvette. Spectra were
corrected for buﬀer signal and conversion to the Mol CD
(e) was performed with the Jasco Standard Analysis
software. The lipid concentrations used in our experiment
were 0.125, 0.25, 0.5 and 1mM with ﬁnal DNA content of
2.5mM.
Absorption spectroscopy
The absorption spectra were recorded on a Perkin Elmer
Lambda 40 Spectrophotometer, with a slit of 2nm and
scan speed of 240nm min
 1. Quartz cuvettes of 1cm
were used. The absorbance assessments were performed
at pH 7.3 by keeping the concentration of DNA constant
(125mM), while varying the concentration of liposome
(5–40mM).
To calculate the lipid–DNA binding constant, the data
are treated according to the following equations:
DNA þ lipid $ DNA   lipid complex 2
K ¼
½DNA   lipid complex 
½DNA uncomplexed ½lipid uncomplexed
3
The values of the binding constants K were obtained from
the DNA absorption at 260nm according to the methods
published in the literature (21,22), where the bindings of
various ligands to haemoglobin were described. For weak
binding aﬃnities, the data were treated using linear recip-
rocal plots based on the following equation:
1
A   A0
¼
1
A?   A0
þ
1
KðA?   A0Þ
:
1
Cligand
4
Where, A0 is the absorbance of DNA at 260nm in the
absence of ligand, A1 is the ﬁnal absorbance of the
ligated-DNA and A is the recorded absorbance at diﬀerent
ligand concentrations. The double reciprocal plot of 1/
(A – A0) versus 1/Cligand is linear and the binding constant
(K) can be estimated from the ratio of the intercept to the
slope (21).
Atomic force microscopy
Lipid–DNA complexes at a ratio of 1:1 and ﬁnal DNA
concentration of 0.1mM were prepared in 5ml Tris–HCl
(pH 7.4) and 5% (v/v) ethanol. The solutions were either
used undiluted or diluted further in ultrapure water.
For each sample, 30ml aliquot was adsorbed for 2min
on freshly cleaved muscovite mica. The surface was
rinsed thoroughly with 10ml of ultrapure water and
dried with Argon. AFM imaging was performed in acous-
tic mode at a scanning speed of 1Hz with an Agilent 5500
(Agilent, Santa Barbara, CA, USA) using high frequency
(300kHz) silicon cantilevers with a tip radius of 2–5nm
(TESP-SS, Veeco, Santa Barbara, CA, USA). Images were
treated using the software Gwyddion (http://gwyddion.
net/).
RESULTS
FTIRspectra oflipid–DNA adducts
The IR spectral features for lipid–DNA interaction are
presented in Figures 1–4. The assignments of DNA vibra-
tional frequencies are given in Table 1.
Lipid–phosphate binding
Strong lipid–PO2 interaction is evident from increase in
intensity and shifting of the PO2 asymmetric band at
1222cm
 1 and symmetric band at 1088cm
 1, in the spec-
tra of the lipid–DNA complexes (Figures 1–3). The PO2
Figure 1. FTIR spectra and diﬀerence spectra [(DNA solution+lipid
solution)   (DNA solution)] in the region of 1800–600cm
 1 for the free
calf-thymus DNA and free Chol (A) and DDAB (B) and their com-
plexes in aqueous solution at pH 7.3 with various lipid/DNA(P) ratios
(1/80 to 1/4) and constant DNA concentration (12.5mM).
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 1 gained intensity and shifted towards a
higher frequencies at 1230 (Chol), 1234 (DDAB), 1235
(DOPE) and 1231 (DOTAP), while the band at 1088
gained intensity with no shifting (Figures 1–3). The posi-
tive features at 1248–1232 (asymmetric) and 1088cm
 1
(symmetric) in the diﬀerence spectra of lipid–DNA com-
plexes are due to increase in intensity of the phosphate
vibrational frequencies upon lipid interaction (Figures
1–3 diﬀs). Further evidence regarding lipid–PO2 interac-
tion is also coming from the intensity ratio variations of
symmetric and asymmetric PO2 bands at 1088/1222 (19).
The ratio of  s/ as was changed from 1.70 (free DNA) to 2
(Chol–DNA), 2.1 (DDAB–DNA), 2 (DOPE–DNA) and
1.9 (DOTAP), upon lipid complexation (Figure 2). It
should be noted that lipid–phosphate binding start at
very low concentration and reaches a plateau where
lipid-base binding begins. This is evident by gradual
increase in intensity of the phosphate bands at 1222 and
1088cm
 1 at low lipid contents and exhibit less intensity
variations at higher lipid concentrations, where lipid-base
binding occurs (Figure 2).
Lipid-base binding
Evidence for lipid-base binding comes from spectral
changes observed for both free DNA and free lipid upon
complexation. At low lipid concentration r=1/80, reduc-
tion of intensity for the bands at 1717 (guanine), 1663
(thymine) and 1609cm
 1 (23–26) (adenine) were observed
except for DOPE–DNA complexes, where minor increase
in intensity of these bands was observed, (Figure 2).
The reduction of intensity of these vibrations was charac-
terized by the presence of several negative features
at 1710–1707 (guanine), 1667–1660 (thymine) and
1609–1606cm
 1 (adenine) in the diﬀerence spectra of
Chol–, DDAB–, DOTAP–DNA complexes (Figures 1
and 3 diﬀ., r=1/80).The observed spectral changes are
due to no major lipid–DNA interaction for Chol.
DDAB and DOTAP, with some degree of DOPE–DNA
complexation at low lipid concentration (positive features
at 1701, 1643 and 1609cm
 1 for DOPE–DNA). However,
at low lipid content r=1/80, major increase in intensity of
the PO2 bands at 1222 and 1088 was observed (Figure 2)
due to lipid–phosphate interaction (discussed above). At
higher lipid concentrations, the guanine band at
1717cm
 1 gained intensity and shifted to 1710–
1707cm
 1, thymine band at 1663cm
 1 gained intensity
and shifted to 1660–1657cm
 1 and adenine band at 1609
gained intensity and appeared at 1608–1606cm
 1 upon
lipid interaction (Figures 1–3, complexes r=1/4). The
Figure 3. FTIR spectra and diﬀerence spectra [(DNA solution+lipid
solution)   (DNA solution)] in the region of 1800 600cm
 1 for the
free calf-thymus DNA and free DOPE (A) and DOTAP (B) and their
complexes in aqueous solution at pH 7.3 with various lipid/DNA(P)
ratios (1/80 to 1/4) and constant DNA concentration (12.5mM).
Figure 2. Intensity ratio variations for several DNA in-plane vibrations
at 1717 (G), 1663 (T), 1609 (A), 1492 (C and G), 1222cm
 1 (PO2
asymmetric stretch) and 1088 (PO2 symmetric stretch) as a function
of lipid concentrations for Chol (A), DDAB (B), DOPE (C) and
DOTAP (D).
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positive features observed at 1710–1707 (guanine), 1667–
1658 (thymine) and 1609–1606cm
 1 (adenine) in the dif-
ference spectra of lipid–DNA complexes (Figures 1 and 3,
diﬀs r=1/20 and r=1/4). The shifting and intensity
increases observed for the guanine, thymine and adenine
vibrations are due to major lipid-base bindings via guanine
and adenine N7 atoms and thymine O2 in the major and
minor grooves of DNA duplex. However, at high lipid
concentration (r=1/4), the decrease of intensity observed
for most of DNA vibrations (Figure 2) are due to DNA
aggregation and condensation, which will be discussed in
CD spectra further on.
Hydrophobic interactions
A possible impact of DNA complexation on lipid antisym-
metric and symmetric CH2 stretching vibration in the
region of 3000–2800cm
 1 was investigated by IR spectros-
copy. Free Chol CH2 bands at 2955, 2935, 2896 and
2864cm
 1 shifted to 2958, 2934, 2897 and 2853cm
 1
upon DNA complexation (Figure 4A, r=1/4); free
DDAB at 2953, 2922 and 2853cm
 1 shifted to 2956,
2919 and 2850cm
 1 (Figure 4B, r=1/4); free DOPE at
2957, 2920 and 2851cm
 1 shifted to 2956, 2924 and
2854cm
 1 (Figure 4C, r=1/4) and free DOTAP at
2953, 2924 and 2854cm
 1 shifted to 2956, 2925 and
2854cm
 1 (Figure 4D, r=1/4), in the lipid–DNA com-
plexes. The shifting of lipid antisymmetric and symmetric
CH2 stretching vibrations suggest the presence of hydro-
phobic interactions via lipid aliphatic tails and hydropho-
bic region in DNA. On the other hand, evidence for
hydrophilic interaction can be seen from shifting of the
lipid C=O stretching vibrations at 1739 (free DOPE) to
1735cm
 1 (DOPE–DNA) and at 1743 (free DOTAP) to
1740cm
 1 (DOTAP–DNA) upon lipid–DNA complexa-
tion (Figure 3).
CD spectraand DNA conformation
The CD spectra of the free calf-thymus DNA and its com-
plexes with diﬀerent lipid concentrations are shown in
Figure 5. The CD of the free DNA composed of four
major peaks at 211 (negative), 220 (positive), 246 (nega-
tive) and 275nm (positive) (Figure 5). This is consistent
with CD spectra of double helical DNA in B conforma-
tion (17, 27–29). At low lipid, concentration (0.1 and
0.25mM), no major shifting of CD bands were observed
(Figure 2). However, as lipid concentration increased (0.5
and 1mM), major increase in molar ellipticity of the band
at 211nm and the positivity of the band at 246 was
reduced, while the intensity of the band at 275 decreased
at high lipid concentration (Figure 5). No major shifting
was observed for the band at 275nm in the spectra of
Chol–DNA and DOPE–DNA complexes (Figure 5A
and D), while it partially shifted to 282nm upon DDAB
and DOTAP upon DNA complex formation (Figure 5B
and C). A partial shifting of the band at 275nm to 282nm
with major increase in negativity of the band at 211 and
246nm are due to a partial B to C-DNA conformational
transition for DDAB–DNA and DOTAP–DNA com-
plexes (Figure 5B and C). Similar CD spectral changes
were observed for DDAB–DNA complexes, where B to
C-DNA transition was observed (12). Major support for a
partial C-DNA formation also comes from our IR spec-
troscopic results for DDAB upon DNA binding. The
B-DNA marker bands at 1717 (G), 1222 (PO2),
Figure 4. Free lipid CH2 antisymmetric and symmetric stretching
vibrations with DNA complexes in the region of 3000–2800cm
 1 for
Chol (A), DDAB (B), DOPE (C) and DOTAP (D).
Table 1. Principal infrared absorption bands, relative intensities and
assignments for calf-thymus dna in aqueous solution at pH 7±0.2
Wavenumber (cm
 1) Intensity
a Assignment (19, 20, 26)
1717 vs Guanine (C=O stretching)
1663 vs Thymine (C2=O
stretching)
1609 s Adenine (C7=N
stretching)
1579 sh Purine stretching (N7)
1529 w In-plane vibration of
cytosine and guanine
1492 m In-plane vibration of
cytosine
1222 vs Asymmetric PO
 
2 stretch
1088 vs Symmetric PO
 
2 stretch
1053 s C–O deoxyribose stretch
968 s C–C deoxyribose stretch
892 m Deoxyribose, B-marker
836 m Deoxyribose, B-marker
aRelative intensities: s, strong; sh, shoulder; vs, very strong; m, medium;
w, weak.
Nucleic AcidsResearch, 2009, Vol.37,No. 3 853838cm
 1 (phosphodiester mode) in free DNA were
observed at 1710, 1234 and 835cm
 1 (DDAB–DNA)
and at 1708, 1231 and 838cm
 1 (DOTAP–DNA) in the
spectra of lipid–DNA complexes (Figure 1B and
Figure 2B, lipid–DNA complexes r=1/4). The observed
spectral shifting for B-DNA marker bands are due to a
partial-B to C-DNA transition consistent with our CD
spectroscopic results (Figures 1, 2 and 5). Similar IR spec-
tral changes were observed for lipid–DNA complexes,
where B to C-DNA alteration was observed (8,30,31).
Similarly, a partial B to A-DNA conformational changes
were observed for Chol–DNA and DOPE–DNA com-
plexes. The shift of B-DNA markers bands 1717–1707,
1222–1230 and 838–835cm
 1 are indicative of a partial
B to A-DNA formation in the spectra of Chol–DNA
and DOPE–DNA complexes (Figures 1A and 3A).
However, the emergence of a new band at about 865–
861cm
 1 in the spectra of the lipid–DNA complexes is
characteristic for A-DNA formation (25,26) upon lipid
interaction (Figures 1 and 3, complexes r=1/4). This
may indicate that a partial transition of B-DNA to C-
DNA or A-DNA can be in co-existence (30,31). It is
worth mentioning that the reduction of intensity of CD
band at 275nm observed can be due to DNA aggregation
at high lipid contents (Figure 5).
Stability of lipid–DNA complexes
The lipid–DNA binding constant was determined as
described in Materials and methods section (UV-visible
spectroscopy). As can be observed, increasing lipid
concentration resulted into an increase in UV light
absorption. This is consistent with reduction of base
stacking interaction due to lipid complexation
(Figure 6A–D).
The double reciprocal plot of 1/(A   A0) versus 1/(lipid
concentration) is linear and the binding constant (K) can
be estimated from the ratio of the intercept to the slope
(Figure 6A0, 6B, 6C0 and 6D0). A0 is the initial absorbance
of the free DNA at 260nm and A is the recorded absor-
bance of complexes at diﬀerent lipid concentrations.
The overall binding constant for lipid–DNA complexes
is estimated to be KChol=1.4 (±0.5) 10
4M
 1, KDDAB
=2.4 (±0.80) 10
4M
 1, KDOTAP=3.1 (±0.90) 
10
4M
 1 and KDOPE=1.45 (±0.60) 10
4M
 1 with the
order of stability of lipid–DNA complexes DOTAP>
DDAB >DOPE>Chol (Figure 6) The moderate binding
constants estimated are mainly due to the lipid-base
bindng and not related to the lipid–PO2 interaction,
which is largely ionic and can be dissociated easily in aque-
ous solution.
Ultrastructure of lipid–DNA complexes
AFM imaging of the diﬀerent lipid–DNA complexes did
not reveal any presence of free DNA molecules. Large
complexes were observed for DOTAP and DOPE
(Figure 7A and B). We did not observe large complexes
for Chol and DDAB. Instead, we imaged a variety of lipid
structures ranging from rafts of diﬀerent shapes, granules
and ﬁlaments (Figure 7C and D). Some of these may in
fact be DNA molecules coated with lipids (Figure 7C,
arrowheads). It is fair to say that only the DOTAP/
DNA mixture yielded a signiﬁcant population of ‘fried
egg’ looking complexes with an average height of
3.3±0.5nm (n=85) adsorbed to mica (Figure 7A).
The core of the complex, that should contained the
DNA chains, had an average volume of 80000 nm
3
(n=105). In contrast, very few DOPE/DNA complexes
were observed on mica but their height was in the 20nm
range and their shape was irregular (Figure 7B). As far as
we can see large DDAB/DNA and Chol/DNA complexes
either do not exist in solution or did not attach well to the
mica and got washed away. Another possibility is that a
thin layer of lipid and DNA coats the mica surface (see
background in Figure 7C and D).
Figure 5. CD spectra of calf-thymus DNA in Tris–HCl (pH  7) at
258C (2.5mM) and Chol: (A) and DDAB (B), DOPE (C) and
DOTAP (D) with 125, 250, 500 and 1mM lipid concentrations.
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Cationic lipid–DNA binding is of great importance for
basic science and applications in biotechnology.
However, the structure and stability of the lipid–DNA
complexes are not well understood. Several models have
been developed to describe the nature of lipid–DNA
complexation (3–5). These models include electrostatic
interaction between lipid head group and DNA backbone
phosphate by displacing the sodium cation, base binding
via lipid polar group and the bases donor atoms and
ﬁnally, cooperative hydrophobic interaction between ali-
phatic tails, which can bring several DNA molecules
together. Cationic lipids are widely used to transfect
DNA in the cell for gene therapy applications. However,
the process of gene delivery is poorly understood and
much work is needed to clarify the nature of DNA trans-
fection across the membrane (1,2). More than 100 cationic
lipids have been produced so far and most are for in vitro
use with few used in vivo (1). Many physical and biological
studies of cationic lipid–DNA formulations have been
reported in the past with the aim to improve our under-
standing of the lipofection process and its mechanisms.
Despite these extensive research, little is known about
structural changes of DNA upon lipid complexation.
The cationic lipid–DNA binding is the ﬁrst step in gene
delivery and DNA condensation, which requires further
investigations.
Based on IR spectroscopic studies, cationic lipid
bind DNA duplex via backbone phosphate group and
guanine bases inducing a mixture of B to C and B to
A-DNA conformational changes (7,8,12,30,31).
However, CD spectroscopic data showed a complete B
to C-DNA transition induced by DDAB (12). Similarly,
CD spectroscopic method and transmission electron
microscopy were used to characterize DNA ordering in
cationic lipoplexes in which large heterogeneity in size
and structure of lipoplexes was observed with DNA aggre-
gation (32). Isothermal titration calorimetry was used
to analyse lipid–DNA binding and DNA condensation
(5). In this study, the stability of lipid–DNA complexation
and the hydrophobic interaction with lipid aliphatic tails
leading to DNA condensation were reported (5). Fluores-
cence spectroscopy was also used to obtain high resolution
details about cationic lipid–DNA association, using dis-
tances between DNA bound donor ﬂuorophore and
acceptor group in the polar regions of lipid bilayer (11).
Our FTIR spectroscopic results clearly showed that at
low lipid concentration PO2 binding is predominant, while
at higher lipid content lipid binding to guanine N7, ade-
nine N7 and thymine O2 occurred in the major and minor
grooves of DNA duplex. Evidence for lipid–phosphate
binding comes from major shifting and intenity variations
of the PO2 bands at 1222 and 1088cm
 1, while base bind-
ing was evident from the shifting and intensity changes of
the guanine band at 1717, thymine band at 1663 and ade-
nine band at 1609cm
 1. These IR spectroscopic results
located clearly the binding sites of lipid on DNA duplex.
Our IR data also showed a partial B to C and B to
A-DNA conformational transition, using DNA marker
bands for B, A and C-DNA conformations. CD spectros-
copic data also supported a partial B to C-DNA transition
consistent with infrared results presented here. Both CD
and IR data showed evidence for DNA aggregation and
condensation. In addition, hydrophobic and hydrophilic
interactions are well demonstrated via our infrared dada.
Further evidence for lipid–DNA interaction also comes
from AFM images in which the association of cationic
Figure 6. UV-visible results of calf-thymus DNA and its Chol (A),
DDAB (B), DOPE (C) and DOTAP (D) complexes: spectra of (a)
free DNA (125mM); (b) free lipid (40mM); (1–8) lipid–DNA complexes
1( 5 mM), 2 (10mM), 3 (15mM), 4 (20mM), 5 (25mM), 6 (30mM), 7
(35mM) and 8 (40mM). Plot of 1/(A – A0) versus (1/drug concentration)
for lipid and calf-thymus DNA complexes, where A0 is the initial absor-
bance of DNA (260nm) and A is the recorded absorbance (260nm) at
diﬀerent lipid concentrations (5–40mM) with constant DNA concentra-
tion of 125mM at pH 7.4 for Chol (A0), DDAB (B0), DOPE (C0) and
DOTAP(D0).
Nucleic AcidsResearch, 2009, Vol.37,No. 3 855lipid–DNA with DNA condensation are observed. In the
case of the DOTAP/DNA complexes, we can propose a
simple structural model based on the AFM images
(Figure 7A) where a dense DNA core is surrounded by a
more deformable lipid shell as already observed for DNA/
DOPE DNA lipoplexes imaged by cryo-electron micros-
copy (10). Stability of lipid–DNA complexes showed more
stable DNA adducts formed with cationic lipids than neu-
tral lipids with the order of stability DOTAP>
DDAB>DOPE>Chol, indicating the stabilization of
lipid–DNA complexation by charge neutralization. In
summary, our spectroscopic results in combination with
AFM images provide major structural information regard-
ing cationic lipid–DNA formulation, which is important in
gene delivery and DNA transfection.
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